Spermatogonial stem cells (SSCs) comprise a small population of germ cells with self-renewal potential. Previous studies have shown that SSCs share several common features with stem cells in other self-renewing tissues, including surface markers and proliferative machinery. However, studies of SSCs are severely handicapped by the small number of SSCs and the lack of SSCspecific markers. In the present study, we examined the utility of CDy1 and Rh123, both of which are used for the collection of stem cells in several self-renewing tissues. CDy1 stained germline stem (GS) cells, cultured spermatogonia enriched for SSC activity, after in vitro incubation without exerting toxic effects. Unlike previously reported stem cell-specific dyes, CDy1 was also useful for enrichment of SSCs in both GS cell culture and mature adult testes. Spermatogonial transplantation showed that ;1 in 66.7 cells exhibited SSC activity after CDH1-based magnetic cell selection and CDy1 staining. In contrast, although Rh123 was previously used successfully to collect SSCs from cryptorchid testes, it was not possible to recover SSCs from both GS cell cultures and wild-type testes. Thus, CDy1 staining will provide a useful strategy for the enrichment of SSCs and may be used in conjunction with other reagents for the enrichment of SSCs.
INTRODUCTION
Spermatogonial stem cells (SSCs) comprise a small population of germ cells that have the ability to undergo constant self-renewal divisions and produce sperm for the lifespan of male animals. It is considered that SSCs produce two SSCs or progenitor cells at the same frequency, thereby maintaining a constant population size while producing cells that are committed to differentiation [1, 2] . Previous morphological analyses have suggested that A single (A s ) spermatogonia are capable of undergoing self-renewal divisions and act as SSCs [1, 2] . However, because SSCs are defined by their ability to undergo self-renewal divisions, this postulate has not been confirmed conclusively, and it is unclear whether all A s spermatogonia can act as SSCs. Due to the extremely small population size of A s spermatogonia (2-3 3 10 4 cells per testis) and lack of SSC-specific markers [2, 3] , there is currently no method to prospectively isolate a pure SSC population. The inability to obtain a pure population of SSCs has been a major obstacle to understanding their unique biology.
Using a spermatogonial transplantation assay as an endpoint [4] , previous studies have shown that SSCs express several cell surface molecules, including ITGB1, ITGA6, THY1, EPCAM, MCAM, CDH1, and CD9 [5] . Cells expressing these antigens are collected, and their SSC activity is confirmed by germ cell colony formation in recipient mouse testes [4] . However, because none of these markers is specific to SSCs, it is necessary to use a fluorescence-activated cell sorter (FACS) to combine several markers in order to obtain a cell population enriched in SSCs. In the most successful case, SSCs could be 561-fold enriched by taking advantage of MCAM expression [6] . Because this strategy, based on antibody-mediated cell staining, apparently requires identification of new molecules expressed on SSCs, an alternative strategy based on biological characteristics of SSCs has also emerged. Hoechst 33342 dye has been used widely to obtain stem cell populations from many tissues, including testes [7] [8] [9] . However, Hoechst 33342 is cytotoxic [10] , and conflicting results of its usefulness for SSCs have been reported [11, 12] . JC1 or rhodamine 123 (Rh123) staining has also been used for SSC collection from neonatal or cryptorchid testes [12, 13] . Both of these reagents allow measurement of the mitochondria activity of the target cells. Unfortunately, JC1 was useful only for neonatal testes [13] , which contain relatively few SSCs [14] . Moreover, SSCs in cryptorchid testes showed Rh123 expression patterns distinct from those in wild-type (WT) testes [12] , which makes development of new methods necessary to obtain SSC populations from intact WT testes.
We recently reported on an SSC enrichment protocol that used Aldefluor (Stemcell Technologies, Vancouver, BC, Canada) [15] . Aldefluor staining is based on the activity of aldehyde dehydrogenase (ALDH), which catalyzes the oxidation of aldehydes to their corresponding acids. This technique is widely used to collect stem cells from several self-renewing tissues. Stem cells usually exhibit high levels of ALDH activity. Unlike other tissues, however, SSCs exhibit low ALDH activity. Although the reason for this unique property remains unknown, we were able to produce 183.7-foldenriched SSCs from adult WT testes by collecting cells that had relatively low ALDH activity. Despite its usefulness, Aldefluor staining has at least two drawbacks. First, ALDH activity was not correlated with SSC activity in cultured spermatogonia (germline stem [GS] cells) [16] . SSCs are enriched in GS cell culture, and their number increases logarithmically during culture. Approximately 1% to 2% of GS cells show SSC activity upon spermatogonial transplantation [5] . We originally expected that obtaining SSCs from GS cells would be a useful resource because it is possible to collect a large number of SSCs. However, when GS cell culture was assayed for ALDH activity, ALDH-positive and ALDHnegative cells showed equal SSC activity upon transplantation, suggesting that SSC activity is subject to the influence of external environment [15] . Another drawback of Aldefluor staining is contamination of spermatogonia with other types of somatic cells. Unlike other tissues, in which stem cells exhibit intense Aldefluor staining, SSCs in CDH1-selected cells are difficult to distinguish from contaminating somatic cells that have relatively low Aldefluor staining intensities. The contamination of somatic cells limits the degree of SSC enrichment. Therefore, although Aldefluor staining is useful in enrichment of SSCs from WT testes, there is a need for a better method of obtaining SSC populations.
In this study, we evaluated the usefulness of CDy1 and Rh123 for the collection of SSCs from adult testes. CDy1 is a new pluripotent stem cell dye, whereas Rh123 has not been tested for its usefulness in SSC collection from untreated WT testes. CDy1 was discovered by screening 280 rosamine compounds for staining pluripotent stem cells [17] . Importantly, CDy1 specifically stains mouse embryonic stem (ES) cells as well as human ES cells, and it is a substrate of the ABCB1-encoded P-glycoprotein multidrug resistance efflux pump [18] . On the other hand, successful enrichment of SSCs by Rh123 from cryptorchid testes suggested that Rh123 is useful for proliferating SSCs at higher temperature, a condition somewhat similar to GS cell culture. The utility of these dyes in SSC collection was examined by FACS, using GS cell cultures and adult testes, and SSC activity was determined by spermatogonial transplantation.
MATERIALS AND METHODS

Animals and Cell Culture
GS cells from the transgenic mouse line B6-TgR (ROSA26)26Sor (designated hereafter ROSA) (Jackson Laboratory, Bar Harbor, ME) were described previously [19] . GS cell culture medium was based on Iscove modified minimal essential medium (Invitrogen, Carlsbad, CA) and was supplemented with 10 ng/ml human FGF2, 15 ng/ml recombinant rat GDNF (both from Peprotech, London, U.K.) and 1% fetal bovine serum (FBS), as described previously [20] . Cultures were maintained on mitomycin C-treated mouse embryonic fibroblasts (MEFs). Where indicated, we also cultured cells on laminin-coated plates (20 lg/ml; BD Biosciences, Franklin Lakes, CA). For FACS experiments, GS cells on MEFs were dissociated with 0.25% trypsin/1 mM EDTA solution for 5 min to obtain single-cell suspensions. For proliferation assays, 1.0 3 10 5 cells were plated on MEFs in 12-well plates. We also used all-trans retinoic acid (1 lM; Sigma, St. Louis, MO) for in vitro differentiation.
Testis Cell Collection and Magnetic Cell Sorting
For selection by CDH1 expression, testes were collected from 6-to 12-wkold ROSA mice by collagenase type II (1 mg/ml; Sigma) digestion for 10 min, as described previously [21] . For selection by CD9 expression, testes were dissociated by collagenase type IV and trypsin, as described previously [22] . Dissociated testis cells were suspended in phosphate-buffered saline (PBS) supplemented with 1% fetal bovine serum (PBS/FBS) and rat anti-mouse CDH1 (ECCD2; Takara Biomedicals, Shiga, Japan) or biotinylated rat antimouse CD9 antibody (KMC8; BD Biosciences) were added and incubated at 48C for 10 min.
After cells were incubated with the primary antibodies, they were washed twice in PBS/FBS and incubated for 15 min at 48C with streptavidin-or anti-rat immunoglobulin G (IgG)-conjugated microbead solution (Miltenyi Biotec, Gladbach, Germany) for CD9 or CDH1 selection, respectively. Cells were then passed through a large cell separation column (Miltenyi Biotec) according to the manufacturer's instructions.
CDy1 and Rh123 Staining
CDy1 staining was carried out according to the manufacturer's instructions (Active Motif, Carlsbad, CA). Briefly, CDy1 dye in dimethyl sulfoxide (DMSO) stock solution was diluted 1:40 with PBS, and the dye was further diluted 1:100 for staining before use. GS cells were incubated with CDy1 for 1 h at 378C. Cells were washed three times with PBS and destained by adding prewarmed culture medium for 3 h at 378C. For staining of GS cells for FACS, cells were recovered by incubation in 0.25% trypsin and 1 mM EDTA, and cell suspension was incubated in GS cell culture medium with CDy1 for 1 h at 378C. Staining of fresh testis cells was carried out in the same manner, except that CDy1 was diluted in PBS/FBS. After cells were washed twice with PBS, they were suspended in their respective destaining solutions without CDy1 for 3 h at 378C.
Rh123 staining was carried out as described previously [12] . Briefly, cells were incubated for 20 min in the dark in Dulbecco modified Eagle medium containing 2% FBS and 0.1 lg/ml Rh123 (Sigma).
Flow Cytometry and FACS
For characterization of cell surface markers, cells were dissociated by incubation in cell dissociation buffer (Invitrogen) for 5 min. Cells were then stained with the indicated antibodies in PBS/FBS. Stained cells were analyzed by FACSCalibur (BD Biosciences). Cells in spermatogonia gate were divided into three subpopulations of equal size, using a histogram for characterizing cell surface marker expression.
For collection of CD1y-stained cells by FACS, cells in the spermatogonia gate were divided into three populations of equal size according to CDy1 staining intensity. For Rh123 staining, GS cells were divided into two subpopulations, whereas the CDH1-selected spermatogonia population from fresh testis cells was divided into three subpopulations of equal size. Cells were sorted using a FACSAria III instrument (BD Biosciences). All antibodies used for flow cytometric analyses are summarized in Supplemental Table S1 (supplemental data are available online at www.biolreprod.org).
Real-Time PCR analyses
Total RNA was isolated using TRIzol (Invitrogen), and first-strand cDNA was synthesized using a Verso cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA) was used for reverse transcription-PCR (RT-PCR). For realtime PCR, the StepOnePlus real-time PCR system and Power SYBR Green PCR Master Mix were used according to the manufacturer's protocol (Applied Biosystems, Warrington, U.K.). Transcript levels were normalized relative to those of Hprt. PCR conditions were 958C for 10 min, followed by 40 cycles of 958C for 15 s and 608C for 1 min. Each reaction was performed in triplicate. PCR primer sequences are listed in Supplemental Table S2 .
Transplantation
To prepare recipient mice, 4-wk-old C57BL/6 3 DBA/2 F1 (BDF1) male mice (Japan SLC, Hamamatsu, Japan) were administered busulfan (44 mg/ml) intraperitoneally to disrupt endogenous spermatogenesis. At least 4 wk after busulfan-treatment, ;10 ll of cell suspension were microinjected through the efferent duct [22] . Each injection filled 75-85% of all seminiferous tubules. The Institutional Animal Care and Use Committee of Kyoto University approved all our animal experimentation protocols.
Analyses of Recipient Testes
Recipient mice were euthanized 8 wk after transplantation. Their testes were analyzed by staining for b-galactosidase, the LacZ gene product, with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal; Wako Pure Chemical Industries, Osaka, Japan) [4] .
Statistical Analyses
Significant differences between means for single comparisons were determined by Student t-test. Multiple comparison analyses were carried out using ANOVA followed by Tukey honest significant differences test.
RESULTS
Specific Staining of GS Cells With CDy1
Because of the close similarity between germ cells and pluripotent cells, we examined the usefulness of CDy1 staining. GS cells from ROSA26 mice, which express LacZ ubiquitously, proliferate with FGF2 and GDNF supplementation by stimulating SSC self-renewal [16] . Logarithmically KANATSU-SHINOHARA ET AL. 
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growing GS cells were cultured under several conditions to examine the impact of external environment on CDy1 staining. GS cells on MEFs were treated with CDy1 for 1 h at 378C. After cells were washed three times with PBS and destained for 3 h at 378C, CDy1 stained essentially all GS cell colonies (Fig.  1A) . In contrast, no staining was found for MEFs, showing the specificity of the dye. Consistent with the proposed role of CDy1 for staining of pluripotent stem cells, CDy1 could also stain ES-like multipotent germline stem (mGS) cells, which were derived by spontaneous dedifferentiation of GS cells [23] . Although GS cells cultured on laminin-coated plates showed somewhat different colony shape, they were also stained intensely after CDy1 incubation.
GS cells can be induced to differentiate by adding retinoic acid [24] . When GS colonies on MEFs were differentiated by treatment with retinoic acid, CDy1 staining became less intense and heterogeneous (Fig. 1B) . In contrast, removal of FGF2 or GDNF did not affect the CDy1 staining intensity (data not shown). These results suggest that CDy1 is capable of staining populations of primitive germ cells, including SSCs.
Influence of CDy1 on GS Cell Proliferation
A critical drawback of Hoechst 33342 is its toxicity [10] . Because the strong staining of GS cells by CDy1 suggested that the dye might exert toxic effects or negatively influence GS cell proliferation, we determined whether CDy1 affected GS cells by culturing the cells in the presence of CDy1. The total KANATSU-SHINOHARA ET AL. number of cells after culture for 7 days did not differ from that in DMSO-only medium, which was used as a vehicle control (Fig. 1C) . The intensity of CDy1 staining was diminished after culture for 8 days (Fig. 1D) .
Phenotypic Characterization of GS Cells by CDy1 Staining
Approximately 1% to 2% of GS cells exhibited SSC activity following spermatogonial transplantation [5] . Therefore, the levels of CDy1 staining of GS cell cultures could be used to identify SSCs therein. We first analyzed the expression of cell surface markers. GS cells were stained with antibodies against several spermatogonia markers, including KIT, EPCAM, CDH1, ITGA6, ITGB1, CD9, and GFRA1. Flow cytometric analysis showed that CDH1, a marker for undifferentiated spermatogonia [21] , showed stronger expression in the CDy1 high (cells with high CDy1 expression) cell population than in the CDy1 med (cells with medium CDy1 expression) and CDy1 low (cells with low CDy1 expression) cell populations ( Fig. 2A) . Likewise, GFRA1, a marker for A s , A paired (A pr ), and Aaligned (Aal) spermatogonia [25] , showed stronger expression in CDy1 high cells than in CDy1 low cells. Both CDH1 and GFRA1 were also more strongly expressed in CDy1 med than in CDy1 low cell population. Differences in CD9 expression were modest but significant between CDy1 high and CDy1 low cells. These results indicated that most GS cells have medium levels of CDH1 and/or GFRA1 expression and suggested that CDy1 high cells are enriched for SSCs.
We next used FACS to fractionate GS cells according to level of CDy1 staining. Exponentially growing GS cells on MEFs were dissociated and separated into three subpopulations according to fluorescence intensity of CDy1 staining (CDy1 high , CDy1 med , and CDy1 low cell populations). Collected cells were examined for expression of spermatogonia markers by real-time PCR. Of the markers that were tested (Zbtb16, Pou5f1, Nanos2, Nanos3, Neurog3, Id4, Bcl6b, and Etv5), Etv5, whose deficiency downregulates GFRA1 expression in undifferentiated spermatogonia [26] , was expressed significantly more strongly in CDy1 high cells (Fig. 2B) . However, no significant changes were observed in other markers, including Id4 and Nanos2, which are specifically expressed in A s or in A s and A pr spermatogonia, respectively [27, 28] .
Functional Analysis of GS Cell Subpopulations by Spermatogonial Transplantation
To determine whether SSCs in GS cell cultures are enriched in CDy1 high cells, we carried out spermatogonial transplantation, the most reliable functional assay for SSCs [4] . Three experiments were performed and the same number of cells was transplanted into seminiferous tubules of busulfan-treated recipient mice, following FACS (Fig. 3A) . Nonselected GS cells were also transplanted as a control sample. Two months after transplantation, recipient testes were recovered and stained with X-gal to visualize donor cell colonization (Fig.  3B) . Quantification of germ cell colonies showed that SSCs were significantly enriched in CDy1 high cells. The numbers of 
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colonies generated by CDy1 low , CDy1 med , and CDy1 high cells or total unfractionated cells were 18.3, 45.0, and 151.7 and 73.3 per 10 5 cells, respectively (n ¼ 12) (Fig. 3C ). As expected from phenotypic analysis, CDy1 high cells were significantly enriched for SSCs compared with other cell populations. Histological analyses of the recipient testes that received CDy1 high cells showed normal appearing spermatogenesis from transplanted SSCs (Fig. 3D) . These results showed that SSCs are more intensely labeled in GS cell cultures.
Reactivity of CD9 or CDH1-Selected Testis Cells to CDy1
We then examined whether SSCs in WT adult ROSA26 testes could be enriched by CDy1 staining. We used CD9 or CDH1 antigen to preselect testis cells before CDy1 staining. This was because the frequency of SSCs in vivo was extremely low in total testis cell suspensions, which makes it difficult to obtain sufficient number of cells for transplantation. CD9 is expressed in both somatic and germ cells [29] , whereas CDH1 is expressed only in undifferentiated spermatogonia [21] . Enrichment of SSCs by CD9-or CDH1-expressing cells was confirmed by previous transplantation experiments [21, 29] .
Testis cells were collected from 6-to 8-wk-old ROSA mice, and both CD9-and CDH1-expressing cells were recovered by magnetic cell sorting. Whereas 5.0% 6 1.7% of the input cells were collected using an anti-CD9 antibody, 0.4% 6 0.1% were recovered using an anti-CDH1 antibody (n ¼ 3). Immediately after magnetic cell sorting selection, cells were stained with CDy1 and used for FACS. Although the forward-scatter/sidescatter properties of the recovered cell suspensions differed slightly between CD9-and CDH1-selected cells possibly due to different levels of somatic cell contamination, we identified a spermatogonia gate that consisted of 30.1% 6 3.9% and 18.9% 6 2.5% of the total CD9-and CDH1-selected testis cells, respectively (n ¼ 3). In each experiment, cells in the spermatogonia gate were separated into three equal populations by FACS (Figs. 4A and 5A) . Collected cells were then transplanted into the seminiferous tubules of busulfan-treated mice and SSC activity was measured. Nonselected total testis cells were also transplanted as a control. Three FACS experiments were performed for both CD9-and CDH1-selected cells.
As expected from the GS cell-sorting experiments, analyses of recipient mice at 2 mo after transplantation showed that SSCs were enriched in the CDy1 high population in CD9-selected cells (Fig. 4B) . The numbers of colonies generated by the CD9-selected cells that were CDy1 low , CDy1 med , CDy1 high , or representing the total unfractionated cells were 0, 0.7, 64.5, or 1.0 per 10 5 cells, respectively (n ¼ 8-12) (Fig. 4C ). CDy1 high cells were significantly enriched for SSCs. The degree of enrichment achieved by CD1y high cells was 64.5-fold.
Similar results were obtained in experiments involving CDH1-selected cells. The numbers of colonies generated by the CDH1-selected cells that were CDy1 low , CDy1 med , and CDy1 high or that represented the total unfractionated cells were 4.8, 3.2, and 150.0 or 0.7 per 10 5 cells, respectively (n ¼ 10-12) (Fig. 5, B and C) . Unlike CD9-selected testis cells, some Donor cell-derived colonies from CDy1 high cells from both CD9-and CDH1-selected cells exhibited normal appearing spermatogenesis, as determined by histological examination (Figs. 4D and 5D ). Taken together, these results showed that CDy1 can stain SSCs in both GS cell cultures and testes.
Fractionation of CDH1-Selected WT Testis Cells by Using Rh123 Staining
Because Rh123 enables enrichment of SSCs in cryptorchid testes [12] , we assessed its utility for enriching SSCs using GS cells and CDH1-selected cells in the final set of experiments. Whereas GS cells were stained directly by incubation with Rh123, WT testis cells were selected using an anti-CDH1 antibody before Rh123 staining. Although we identified an Rh123 low cell population in GS cells (Fig. 6A ), we were unable to detect a distinct Rh123 low cell population in CDH1-selected testis cells (Fig. 6B) . Therefore, we collected the two populations in GS cell cultures, but CDH1-selected testis cells were equally divided into three populations according to Rh123 staining level.
Contrary to our expectation, transplantation experiments showed that SSCs were significantly depleted in the Rh123 low populations from GS cells. The numbers of colonies generated by Rh123 low and Rh123 high or total unfractionated cells were 17.6 and 243.8 or 185.0 per 10 5 cells, respectively (n ¼ 16-17) (Fig. 6C) . On the other hand, the numbers of colonies generated by the CDH1-selected cells that were Rh123 low , Rh123 med , and Rh123 high or that represented the total unfractionated cells were 54.1, 99.5, and 1.36 or 0.4 per 10 5 cells, respectively (n ¼ 12) (Fig. 6D) . Although the number of colonies generated by Rh123 fractionated cells was greater than that generated by unfractionated cells, no significant differences were found among the four populations in terms of CDH1-selected testis cells. These results suggest that SSCs in WT testes exhibit diverse Rh123 staining intensity.
DISCUSSION
The collection of a highly purified population of stem cells is an important goal in SSC research. However, there is currently no method of obtaining a pure SSC population. Although recent studies have shown that Id4 and Pax7 are specifically expressed in A s spermatogonia [27, 30] , not all A s spermatogonia are SSCs. Moreover, other studies suggest that A al spermatogonia also possess SSC activity [31] . Because SSCs are defined by their ability to self-renew and cannot be distinguished from committed progenitors by their morphology, it is extremely difficult to identify these cells. This study was initiated to evaluate the utility of CDy1 and Rh123 dyes in collecting SSC populations from GS cultures and adult mouse testis cells. 
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ES and GS cells have been reported to be similar in several aspects. For example, Pou5f1, Klf4, Myc, or Sox2 mRNA are expressed in GS cells, although only Sox2 is not translated into SOX2 protein [32] . In addition, we have shown that GS cells become ES-like mGS cells spontaneously and more efficiently upon depletion of Dmrt1 and Trp53 [23, 33] . Therefore, ES cells and GS cells are likely the most closely related cell types in the body. On the other hand, some recent studies have shown that CDy1 staining is not specific to ES cells. It can also stain neural stem cells and cancer stem (myeloma) cells, which apparently do not have potential pluripotency [18, 34] . Therefore, although CDy1 is not specific to pluripotent stem cells as are other previously known stem cell-specific dyes, the close similarity between ES and GS cells led us to determine whether CDy1 could be used to stain very primitive cell types in a GS cell culture.
As expected, all GS cell colonies were intensely stained by CDy1 in a manner similar to ES cells. Because CDy1 is a substrate of ABCB1 [18] , strong staining of GS cells suggests that they lack ABCB1 expression. It is possible that undifferentiated conditions of pluripotent stem cells or SSCs may be maintained by the pattern of selected transport system to exclude molecules that influence their differentiation. Although it was impossible to distinguish SSCs and committed cells by using microscopy, our phenotypic analysis suggested that CDy1 high cells are enriched for GFRA1-positive cells, which suggested that cells corresponding to A s , A pr , or A al are significantly enriched in this population. The utility of CDy1 in collecting SSCs from GS cell culture was clearly demonstrated by FACS and subsequent transplantation experiments. The number of colonies generated from the CDy1 high population was significantly higher than that generated from the CDy1 low population. This was in contrast to previous studies that used other dyes, including Rh123 and Aldefluor. In this sense, CDy1 facilitates collection of a large number of SSCs, and CDy1 represents the first compound whose staining intensity is KANATSU-SHINOHARA ET AL.
positively correlated with SSC activity. A recent study showed that Id4-green fluorescent protein-labeled transgenic mice are useful for enriching SSCs from in vitro culture because Id4 is specifically expressed in A s spermatogonia [27] . Assuming that 10% of transplanted SSCs colonize the seminiferous tubules, ;1 of 19.4 Id4 þ cells are SSCs. Because 1 of 65.9 CDy1 high cells were SSCs in the present experiment, our method was less effective than the Id4-based approach. However, given the strong association with CDy1 staining intensity and SSC activity, it may be possible to increase the degree of enrichment by collecting more strongly stained cells. In addition, CDy1 is apparently useful because it does not depend on expression of the transgene. Although these results have demonstrated the utility of SSC collection from GS cell cultures, it remains possible that SSCs alter their phenotype in vitro. For example, we showed previously that SSCs in GS cell cultures express KIT, which is considered absent in spermatogonia in vivo [35] . Therefore, we next stained adult mouse testis cells with CDy1 to confirm the relationship between SSC activity and CDy1 staining intensity in vivo. We collected CD9-or CDH1-expressing cells by magnetic cell sorting and evaluated CDy1 staining by FACS. Unlike Aldefluor, which did not stain SSCs, this approach enabled us to collect SSCs in the CDy1 high region. The frequency of SSCs in CDy1 high cells was 1 in 66.7 cells. This value was comparable to that obtained from GS cell cultures. Therefore, SSCs both in vitro and in vivo are reactive to CDy1 regardless of differences in their microenvironments, and CDy1 staining intensity is a good indicator of SSC activity.
In contrast to CDy1 staining, we were unable to obtain an enriched SSC population by using Rh123 staining. Because Rh123 activity reflects mitochondrial kinetics in cells [12] , our results suggested that SSCs in GS cell cultures and WT testes possess higher mitochondrial activity than cryptorchid testes. It was speculated in a previous study that not all SSCs stain for Rh123 and that most SSCs in cryptorchid testes are quiescent but heterogeneous. The reason for such an increase in quiescent SSCs in cryptorchid testes is unknown, considering that undifferentiated spermatogonia are actively proliferating in cryptorchid testes [36] . An increase in environmental temperature does not appear to alter mitochondrial activity, because SSCs in GS cells, which were cultured at 378C, also did not belong to the Rh123 low population. However, it remains possible that increased temperatures may change niche properties and thereby modify mitochondrial activity. Alternatively, the extensive apoptosis of the more mitotically active differentiating spermatogonia in the cryptorchid testes may have influenced the relative staining intensity and increased the proportion of undifferentiated spermatogonia in the Rh123 low gate.
Obviously, a dye-based SSC selection method will be useful for studies of SSCs in other animal species, in which appropriate cell-surface markers are not identified or their respective antibodies are not available. Not surprisingly, SSC surface markers are not necessarily conserved between the SSCs of mouse and other species [37, 38] ; this should be investigated in future studies. However, screening of common surface markers by immunostaining is laborious, because A s spermatogonia are difficult to detect using histological methods. Moreover, because studies in mice suggest that spermatogonia in sexually immature testes have lower SSC activity [14] , screening of markers by the staining of immature testis, which are enriched for spermatogonia populations, may not be suitable for detecting SSCs. Collection of SSCs is particularly important in human studies, for which only limited testis samples are available. Because CD9 is reportedly a reliable marker for human SSCs [39] , further fractionation of CD9-selected cells by CDy1 staining, as reported in this study, may also prove useful in human SSC studies.
Although the rarity of SSCs has been a major barrier to studying this unique cell population, the discovery of cell surface antigens and the development of culture techniques have improved the identification and collection of large numbers of SSCs. In particular, the use of stem cell-specific dyes is another important tool, because such staining is frequently correlated with functional properties, which may be shared by many animal species. CDy1 has several advantages over other stem cell dyes. First, it does not exhibit apparent toxicity, which allows analysis of cell properties after collection of different subpopulations. In contrast, Hoechst 33342 staining resulted in a significant loss of SSC activity in our previous study [11] . Second, unlike other dyes, CDy1 is useful for both cultured spermatogonia as well as SSCs in vivo. Third, unlike Aldefluor staining which requires half the collected sample for additional staining controls to inhibit enzymatic activity, CDy1 selection can be carried out by simple dye staining. Fourth, the strong fluorescence emitted by CDy1 makes it useful for in vitro vital staining under a microscope. Identification of additional surface antigens and stem cell dyes will facilitate studies of the self-renewal machinery and characteristics of stem cells.
